Homozygous mice overexpressing Claudin-6 (Cldn6) exhibit a perturbation in the epidermal differentiation program leading to a defective epidermal permeability barrier (EPB) and dehydration induced death ensuing within 48 h of birth [Turksen, K., Troy, T.C., 2002. Permeability barrier dysfunction in transgenic mice overexpressing claudin 6. Development 129, 1775Development 129, -1784. Their heterozygous counterparts are also born with an incomplete EPB; however, barrier formation continues after birth and normal hydration levels are achieved by postnatal day 12 allowing survival into adulthood. Heterozygous Inv-Cldn6 mice exhibit a distinct coat phenotype and histological analysis shows mild epidermal hyperkeratosis. Expression of K5 and K14 is aberrant, extending beyond the basal layer into the suprabasal layer where they are not co-localized suggesting that their expression is uncoupled. There is also atypical K17 and patchy K15 expression in the basal layer with no K6 expression in the interfollicular epidermis; together with marked changes in late differentiation markers (e.g. profilaggrin/filaggrin, loricrin, transglutaminase 3) indicating that the normal epidermal differentiation program is modified. The expression compartment of various Cldns is also perturbed although overall protein levels remained comparable. Most notably induction of Cldn5 and Cldn8 was observed in the Inv-Cldn6 epidermis. Heterozygous Inv-Cldn6 animals also exhibit subtle alterations in the differentiation program of the hair follicle including a shorter anagen phase, and altered hair type distribution and length compared to the wild type; the w20% increase in zig-zag hair fibers at the expense of guard hairs and the w30% shorter guard hairs contribute to coat abnormalities in the heterozygous mice. In addition, the transgenic hair follicles exhibit a decreased expression of K15 as well as some hair-specific keratins and express Cldn5 and Cldn18, which are not detectable in the wild type. These data indicate that Cldn6 plays a role in the differentiation processes of the epidermis and hair follicle and supports the notion of a link between Cldn regulation and EPB assembly/maintenance as well as the hair cycle. q
Introduction
The epidermal permeability barrier (EPB) is formed before birth and protects against dehydration, heat loss and infection by microorganisms (Byrne et al., 2003; Cartlidge, 2000; Hardman et al., 1998 Hardman et al., , 1999 Madison, 2003; Micali et al., 2001) . Although the molecular mechanisms that control epidermal differentiation and the formation of the EPB are not yet fully understood, recent studies suggest the importance of tight junctions (TJs) and TJ-associated molecules in the formation and maintenance of the EPB Tsuruta et al., 2002; Turksen and Troy, 2002 . TJs are known to be involved in providing selective barriers between different tissue compartments based on their environmental requirements and prevailing data suggest that the degree of 'tightness' Mechanisms of Development 122 (2005) and selectivity is achieved by the more than 20 members of the Claudin (Cldn) family of TJ associated integral membrane proteins (Balda and Matter, 2000; GonzalezMariscal et al., 2003; Heiskala et al., 2001; Schneeberger and Lynch, 2004; Tsukita and Furuse, 2002; Turksen and Troy, 2004) . For example, the identification of Claudin-6 (Cdn6) as an epidermal differentiation marker (Turksen and Troy, 2001 ) and the generation of an in vivo mouse model overexpressing Cldn6 in the epidermis via the involucrin (Inv) promoter (Inv-Cldn6 mice) provided clues to the importance of Cldn6 in epidermal differentiation and the formation of the EPB; homozygous Inv-Cldn6 mice possess an incomplete EPB and succumb to severe dehydration within 48 h after birth. In a complementary study, it was revealed that Claudin-1 (Cldn1) is crucial for the EPB since Cldn1 knockout mice also exhibited an incomplete EPB although skin morphology and epidermal differentiation were not drastically modified . However, the early lethality of both of these transgenic mouse models has made evaluation of the consequences of the changes in epidermal differentiation in later postnatal stages impossible.
In this study, we show that heterozygous Inv-Cldn6 mice, although abnormal at birth, survive and progressively acquire barrier function and normal hydration by postnatal day 12. Furthermore, they display interesting aberrations in epidermal development including hyperkeratosis (thickening of the upper most layer of the epidermis), the uncoupling of K5/K14 expression in the epidermis and other atypical patterns of keratin expression. In addition, the expression profiles of several Cldns are disrupted in the skin, although not all are modified at the protein level; however, most notably, Cldn5 and Cldn8 expression is induced in the transgenic epidermis. In addition, heterozygous Inv-Cldn6 mice display abnormalities in hair type distribution including the dysregulated expression of hair keratins. This is accompanied by the upregulation of expression of Cldn5 and Cldn18 in the transgenic hair follicles, a profile not seen in the wild type. Therefore, heterozygous Inv-Cldn6 mice provide additional support for the hypothesis that Cldns play unique functional roles in the epidermis, provide the first evidence of the role of Cldns in hair follicle differentiation and the hair cycle, and provide a unique model in which to evaluate the postnatal formation of the EPB.
Results

Gross observations and phenotypic recognition
The generation of Inv-Cldn6 transgenic mice and the characterization of the homozygous phenotype was previously described . Although our analysis of newborn homozygous Inv-Cldn6 mice indicated changes in the epidermal differentiation program leading to a defective EPB, it was not possible to evaluate the consequences of the overexpression of Cldn6 in the adult epidermis since the neonates succumbed to dehydration within 48 h of birth. However, heterozygous InvCldn6 mice, while initially much smaller than their wild type counterparts, with age became indistinguishable in size from wild type animals (Fig. 1A,B vs. E). Another feature of the heterozygous Inv-Cldn6 mice notable immediately after birth was their odd 'curly' whiskers (Fig. 1C vs. D) and later a distinguishing 'fuzzy' coat, characteristics that persisted throughout life (Fig. 1E) . Interestingly, heterozygous InvCldn6 mice also had a delayed eye opening (16-21 days after birth) (Fig. 1B) but displayed no increased morbidity or impairment of fertility. RT-PCR analysis of five independent lines (1-5) of heterozygous 12-day-old InvCldn6 mice revealed the expression of Cldn6 (660 bp), no Cldn6 expression is detectable in the wild type epidermis at 12 days (Fig. 1F) . The expression of Cldn6 in heterozygous mice compared to the wild type was confirmed by Western blot (23.4 kDa; Fig. 1G ) and immunohistochemistry, which also revealed Cldn6 expression in both the epidermis (Fig. 1H ) and hair follicles (Fig. 1I ) of the 12-day-old heterozygous Inv-Cldn6 mice but not wild type mice. As expected, Cldn6 expression is localized to cell-cell junctions, specifically, in the upper spinous and granular layers of the epidermis as well as the inner root sheath (IRS) and outer root sheath (ORS) of the hair follicles and not in the hair follicle matrix region.
Delayed EPB formation in heterozygous Inv-Cldn6 transgenic mice
Although heterozygous Inv-Cldn6 mice survived into adulthood, at birth, as with their homozygous counterparts, they possessed an incomplete EPB resulting in dehydration as evidenced by trans-epidermal water loss (TEWL) measurements and X-gal staining. Representative experiments indicated that newborn heterozygous Inv-Cldn6 mice present with dermal phase meter (DPM) measurements in the range of 240-260 indicating approximately double the amount of water lost through the skin compared to age-matched wild type mice (DPM values in the range of 118-122, which drop to 95-105 one day after birth and show little fluctuation thereafter) but only half as much as newborn homozygous mice (DPM measurements reproducibly in the range of 440-470) (Fig. 2B) . Notably, barrier formation continued in heterozygous Inv-Cldn6 mice after birth since backskin DPM values fall steadily from days 2 to 8 when readings reminiscent of a complete dorsal barrier were achieved (day 2: 200-220, day 4: 180-190, day 6: 110-120, day 8: 95-100) (Fig. 2D) . However, day 8 ventral DPM measurements indicated that the known dorsal to ventral patterning of EPB formation (Hardman et al., 1998 (Hardman et al., , 1999 was still underway as the heterozygous Inv-Cldn6 mice did not yet possess a complete ventral as seen in the wild type (95-100) (Fig. 2E) . Although the measurements suggested that barrier completion was Fig. 1 . Phenotype of Inv-Cldn6 mice. Developmentally, it is observed that Inv-Cldn6 mice are initially smaller that their wild type counterparts (A, day 9) and have a delayed eye opening (16-21 days after birth) (B, day 12). Inv-Cldn6 mice are immediately identifiable at birth by their curly whiskers (C vs. D, day 16) and later possess an atypical wavy coat (E, 16 days vs. 6 months); phenotypes that persist throughout life. RT-PCR analysis of five independent lines (1-5) of heterozygous 12-day-old Inv-Cldn6 mice revealed the expression of Cldn6 (660 bp), while no Cldn6 expression is detected in the 12-day-old wild type (WT); corresponding GAPDH levels are shown (F). Cldn6 expression in the 12-day-old Inv-Cldn6 epidermis was confirmed by Western blot (G, 23.4 kDa) and immunohistochemistry where expression in the upper spinous and granular layers of the epidermis (H) and in the IRS/ORS of hair follicles (I) is observed. imminent, ventral EPB TEWL measurements were not possible beyond day 8 as hair growth resulted in improper contact of the DPM probe to the skin surface. Mechanical removal (e.g. shaving, waxing or use of depilatories) of hair was not attempted since this would likely result in damage to the skin, hence inaccurate and inflated DPM readings.
As has been demonstrated previously, the penetration of X-gal through the skin is a reliable indicator of a malformed EPB since by definition a functional EPB does not permit the penetration of chemicals from the external environment (Hardman et al., 1998; Turksen and Troy, 2002) . b-gal assays performed at various postnatal time points from newborn to 12 days after birth indicated that newborn heterozygous Inv-Cldn6 mice stained blue (although a less intense blue than the homozygous) while wild type mice were unstained ( Fig. 2A) . By 2 days after birth, b-gal staining confirmed the dorsal to ventral pattern of EPB formation seen with DPM measurements, with progressively less intense blue staining observed with age (Fig. 2C) . A strip of completed EPB was evident in the dorsal-most region of the transgenic backskin by day 4 progressing to a completed dorsal EPB by day 8; however, blue staining persisted in the ventral region (Fig. 2C) . By day 12, Fig. 2 . Delayed EPB formation in Inv-Cldn6 transgenic mice. X-gal staining of newborn mice revealed a duller blue in the heterozygous mice as compared to the vibrant blue of the homozygous and no staining in the wild type (A). Corresponding DPM measurements indicate that heterozygous Inv-Cldn6 mice have approximately half of the water loss exhibited by the homozygous Inv-Cldn6 mice and double that of the wild type (B). Subsequent X-gal staining revealed a gradual dorsal-to-ventral pattern formation of the EPB in the heterozygous Inv-Cldn6 mice with a complete dorsal (but not ventral) EPB by day 8 (C). DPM measurements confirm that after 8 days a completed dorsal EPB is achieved (D) and that ventral completion is imminent (E).
the heterozygous Inv-Cldn6 mice possessed an intact EPB (not shown). Together the TEWL measurements and b-gal staining provide evidence that the dorsal-ventral patterning of EPB formation normally completed by embryonic age 17.5 was delayed until postnatal day 12 in the heterozygous Inv-Cldn6 epidermis (see also below).
Inv-Cldn6 epidermis exhibits morphological abnormalities
Side-by-side comparison of histological sections of 4-day-old mice demonstrated that the Inv-Cldn6 skin was overall thinner than that of the wild type reflecting the Fig. 3 . Inv-Cldn6 epidermis exhibits morphological abnormalities and dehydration. Sections of transgenic and wild type mice at day 4 showed a significant dehydration of the transgenic skin (note overall thinner appearance); a condition overcome by day 12 (A). Histological evaluation of 4 and 12-day-old Inv-Cldn6 epidermis compared to the wild type revealed an overall thicker epidermis with a cellular disorganization and hyperkeratosis (B). Ayoub Shklar staining revealed a less differentiated Inv-Cldn6 epidermis (C) and picrosirius red staining indicated a less dense collagen matrix in the dermis of the transgenic skin samples (D). dehydration related changes in the dermis (Fig. 3A) . By postnatal day 12, transgenic skin samples were indistinguishable in thickness from the wild type (Fig. 3A) . However, both 4 and 12-day-old Inv-Cldn6 epidermis was thicker than that of the wild type epidermis with a persistent state of hyperkeratosis and cellular disorganization reminiscent of, but less severe than, that seen in the homozygous Inv-Cldn6 mice (Fig. 3B) , suggesting that the epidermal differentiation program is modified in heterozygous animals. Consistent with this possibility, Ayoub Shklar (AS) staining (Ayoub and Shklar, 1963; Turksen, 2002, 2005) revealed a less differentiated Inv-Cldn6 epidermis with an overall more blue appearance (indicative of less differentiated cells) and a less substantial red stratum corneum (indicative of terminally differentiated cells) (Fig. 3C ). Picrosirius red (a general stain for collagen matrix) (Junqueira et al., 1979) staining also revealed less dense collagen fibers in the dermis of the transgenic skin samples (Fig. 3D ).
The program of epidermal differentiation is modified
Consistent with the histological appearance, the cells within the epidermis of heterozygous Inv-Cldn6 mice misexpressed various markers of differentiation, including some of the keratins. For example, K5/K14 are normally coexpressed and only in the basal layer of the epidermis (see the wild type expression in Fig. 4) ; as epidermal differentiation is initiated, cells leave the basal layer, turn off the expression of K5/K14 and begin to express K1/K10 (Coulombe et al., 1989; Fuchs and Byrne, 1994) . Interestingly, however, on days 2 and 4 heterozygous Inv-Cldn6 epidermis, K14 expression extended much higher into the suprabasal layer than normal, where it was uncoupled from K5. By day 8, K5 expression extending into the suprabasal layer was almost identical to that of K14, a pattern that remained at day 12 (Fig. 4) . Backskin sections of 12-day-old Inv-Cldn6 mice also revealed that K15 expression in the Inv-Cldn6 mice, while restricted to the basal cells, was discontinuous (Fig. 5) and there was abnormal expression of K17 in the basal compartment (Fig. 5 ). In addition, the late differentiation marker K1/K10 also stained over an abnormally wide zone (not shown) and notably, the expression of K6 showed no differences between heterozygous Inv-Cldn6 and wild type mice with expression evident in the innermost layer of the ORS of hair follicles and not in the interfollicular epidermis (not shown). Immunohistochemical and RT-PCR analyses revealed aberrant expression of other late epidermal differentiation markers including changes in the expression of filaggrin, loricrin, transglutaminase-3, involucrin, members of the SPRR family and the transcriptional regulator Klf4 in a pattern similar to that seen in the newborn homozygous Inv-Cldn6 epidermis (not shown) . Collectively, these RT-PCR results complement the TEWL analyses and b-gal staining and support the notion of cross-talk between the Cldn signaling pathway and other determinants of epidermal terminal differentiation and EPB formation.
Cldn expression is modified in Inv-Cldn6 epidermis
Given the importance of Cldn homeostasis in epidermal differentiation and since we had shown previously that the perturbation of one Cldn disrupts overall Cldn homeostasis Troy, 2002, 2004) , we next assessed the expression of other Cldns in the mid-dorsal region of 12-day-old heterozygous Inv-Cldn6 epidermis. Immunohistochemistry with antibodies against Cldn1, Cldn5, Cldn8, Cldn10, Cldn11, Cldn12 and Cldn18 revealed abnormal expression patterns (Fig. 6 ). Cldn1 expression normally evident in the basal and suprabasal layers is less prominent in the basal layer of the transgenic epidermis with expression extending into the upper spinous layers in a disorganized pattern. While the wild type epidermis shows no expression of Cldn5 or Cldn8, there is expression of Cldn5 in the spinous and granular layers of the transgenic epidermis and Cldn8 in the stratum corneum. Cldn10 expression while restricted to the cornified layers of both the transgenic and wild type epidermis shows a less compact distribution in the Inv-Cldn6 samples. Cldn11 expression in the wild type and transgenic epidermis is evident in the granular and stratum corneum layers, however, the expression in the transgenic samples is much broader. The wild type expression of Cldn12 in the basal and suprabasal layers of the epidermis is not consistent in the transgenic epidermis. The basal layer of the Inv-Cldn6 epidermis does not express Cldn12, however, expression is detectable in the stratum corneum with a discontinuous gradient of staining down through the suprabasal layers. Cldn18 expression appears similar in the wild type and transgenic samples with expression in the upper spinous and granular layers. However, Western blot analysis with proteins extracted from the mid-dorsal region of 12-dayold Inv-Cldn6 and wild type epidermis revealed that there is no significant modification in the overall expression levels of Cldn1 (22.9 kDa), Cldn11 (22.1 kDa), Cldn12 (26.9 kDa) or Cldn18 (28.1 kDa) (Fig. 6 ). Protein analysis of Cldn8 and Cldn10 expression by Western blot was not achieved possibly due to the fact that protein extraction from the cornified layer was inefficient. In addition protein expression of Cldn5 was undetectable with the antibody used.
Hair type distribution is altered in the Inv-Cldn6 mice
The 'wavy' coat phenotype of the Inv-Cldn6 mice, together with the changes observed in late differentiation markers described above, suggested defects in the normal distribution of hair types of heterozygous Inv-Cldn6 mice. Therefore, coat hair fibers plucked from the mid-dorsal region of age-matched transgenic and wild type mice were macroscopically examined at various time points during the first hair cycle. Although all four major types of hair fibers (Dry, 1926; Sundberg and Hogan, 1994) were present within the transgenic coat, the normal proportion of 'straight' guard hairs (monotrich, auchene and awl) to 'wavy' zig-zag fibers was different (Fig. 7A) , with w20% reduction in guard hairs fibers (Fig. 7B) . A two-way ANOVA statistical test using Bonferroni posttests indicated that there was both a significant reduction in auchene fibers (P!0.05) and an increase in zig-zag fibers (P!0.001) in transgenic compared to wild type mice; the composition of zig-zag to all guard hairs combined was also significant (P!0.001) (Fig. 7C) . It was also observed that the longest of the guard hairs (the monotrich fibers responsible for the 'sleek' appearance of the coat of mice) are w30% shorter in length (Fig. 7A) .
Hair cycle modifications in the Inv-Cldn6 mice
To explore whether there are any disturbances in the stages of the hair cycle, histological sections of backskin samples obtained from the mid-dorsal region of agematched Inv-Cldn6 and wild type mice during the first hair cycle from days 4 to 24 were examined. At day 14, while wild type follicles were in mid-anagen, the Inv-Cldn6 follicles were in anagen termination (anagen-catagen transition), as characterized by changes in the dermal papilla to hair bulb ratio (thinner hair follicles) (Botchkarev and Paus, 2003; Chase, 1954; Nakamura et al., 2001; Stenn and Paus, 2001) ; by day 16 the transgenic hair follicles were in mid-catagen while the wild type were in late anagen (Fig. 8) . These differences suggest that the Inv-Cldn6 mice have a shorter anagen period in the hair cycle as compared to the wild type.
Keratin expression in the Inv-Cldn6 hair follicles
Immunohistochemical analysis of mid-dorsal region backskin sections obtained from transgenic and wild type mice at various time points revealed that the expression of K6, K5, K17 (not shown) and K15 persisted throughout the hair cycle; however, K15 expression was reduced in the transgenic hair follicles (Fig. 9A) . Also the expression of general hair markers (AE13 and AE15) (Dhouailly et al., 1989; Lynch et al., 1986) was significantly reduced in InvCldn6 vs. wild type hair follicles (Fig. 9A) . RT-PCR analysis of other hair keratins (mHAs) (Schorpp et al., 2000; Winter et al., 1994) revealed that the expression of mHA2 (714 bp) and mHA6 (526 bp) were decreased, while mHA3 (725 bp) remained unchanged in the transgenic vs. wild type samples (Fig. 9B) . Collectively, these observations suggest a deregulation of the hair follicle differentiation program in the Inv-Cldn6 mice.
Perturbed Cldn expression in Inv-Cldn6 hair follicles
In addition to alterations in the Cldn expression profile of the epidermis, immunohistochemistry was also used to analyze Cldn expression in the hair follicles of skin samples from the mid-dorsal region of 12-day-old Inv-Cldn6 and wild type mice. Cldn1, Cldn11 (Fig. 10) and Cldn12 (not shown) expression was localized to tight junctions in the ORS/IRS of both the transgenic and wild type samples; expression was not localized to the matrix cells. However, Fig. 6 . Cldn expression is modified in the Inv-Cldn6 epidermis. The expression of various Cldns by immunohistochemistry in the 12-day-old Inv-Cldn6 epidermis revealed abnormalities as compared to their wild type counterparts. Cldn1 is not apparent in the basal layer and is extended into the upper spinous layers in a disorganized pattern while Cldn5 and Cldn8 are abnormally expressed in the Inv-Cldn6 samples. Cldn10 has a less compact distribution pattern while Cldn11 and Cldn18 have a broader expression compartment in the transgenic epidermis. Cldn12 expression in the Inv-Cldn6 epidermis is evident in the stratum corneum with a discontinuous gradient of expression down through the suprabasal layers as compared to the basal layer expression in the wild type. Western blot analysis indicates no overall perturbation in the expression of Cldn1 (22.9 kDa), Cldn11 (22.1 kDa), Cldn12 (26.9 kDa) or Cldn18 (28.1 kDa) in the Inv-Cldn6 epidermis (TG) compared to the wild type (WT).
there was expression of both Cldn5 (ORS) and Cldn18 (ORS/IRS) in the Inv-Cldn6 hair follicles while they were not detected in the wild type samples (Fig. 10 ). Cldn8 and Cldn10 expression was not detected in either the transgenic or wild type hair follicles (not shown).
Discussion
Recent studies have shown that the Cldn family proteins are the major constituents of TJ strands, which are directly involved in paracellular sealing (barrier function) as well as in membrane domain differentiation (fence function) in epithelial and endothelial cell sheets (Balda and Matter, 2000; Gonzalez-Mariscal et al., 2003; Heiskala et al., 2001; Schneeberger and Lynch, 2004; Tsukita and Furuse, 2002; Turksen and Troy, 2004) . In previous studies, we reported that homozygous mice overexpressing Cldn6 in the epidermis (Inv-Cldn6 mice) exhibit a perturbation in the epidermal differentiation program leading to a defective EPB and dehydration-induced death within 48 h of birth . We now report that heterozygous Inv-Cldn6 mice, on the other hand, are born with an underdeveloped but much less dysregulated EPB that continues to mature after birth. Postnatal survival allowed us to investigate changes in the epidermis and hair follicle differentiation programs, including the hair cycle and hair type distribution as well as EPB formation. Our data suggest that Cldn homeostasis is crucial to EPB formation, possibly in orchestration with molecules associated with the epidermal differentiation complex (EDC) during epidermal terminal differentiation. Interestingly, the incomplete (but not life-threatening) EPB of heterozygous mice undergoes compensatory changes, making our model system relevant to observations of skin immaturity associated with premature babies where the transition from in utero to the terrestrial environment has been known to accelerate the epidermal barrier (Cartlidge, 2000) .
The epidermis of heterozygote Inv-Cldn6 mice displays an overall cellular disorganization as well as persistent hyperkeratosis and disruption of the basal layer where the cells are not morphologically uniform nor are they all characteristically cuboidal. This is consistent with immunolocalization data that suggest that some Cldns are associated primarily within the differentiation compartment of the epidermis where TJs are primarily found , while others are not. For example, localization in the epididymis showed that Cldn1 expression is not localized exclusively to TJ strands but appears along the entire interface of adjacent epithelial cells as well as along the basal plasma membrane, suggesting a role for Cldn1 as an adhesion molecule (Gregory et al., 2001) . Similarly, Fig. 7 . Hair fiber distribution is perturbed in the Inv-Cldn6 coat. Gross morphological observation of coat fibers extracted from the mid-dorsal region 12-day-old mice revealed a decrease in the 'straight' guard hairs (monotrich, auchene and awl) of the Inv-Cldn6 coat and an increase in the 'wavy' zig-zag fibers (A). Also there is an overall perturbation of the appearance of the four hair types and monotrich fibers are w30% shorter in length (A). Representative hair fiber counts revealed a significant difference in the number of zig-zag fibers (P!0.001) and auchene guard hairs (P! 0.05) (B). Overall there is an approximately 20% increase in zig-zag fibers at the expense of guard hairs in the Inv-Cldn6 coat (C).
Cldn7 has been reported to also be associated with the lateral surfaces of cells (Li et al., 2004) , suggesting a possible role in cell-cell adhesion and supporting complex roles of the Cldns. In our heterozygous Inv-Cldn6 transgenic mice, the aberrant expression of the characteristic basal keratins K14 and K5, with expression expanded into the upper layers of the epidermis and an atypical non-codistribution pattern, together with the changes observed in K15 and K17, suggest that the epidermal irregularities result from a disturbed program of epidermal differentiation. The abnormal AS staining also suggests that the disturbed differentiation program encompasses the terminal differentiation compartment with a defective EPB. Thus, targeting of Cldn6 to the suprabasal layers modulates cell shape, expression profiles of the differentiating epidermal cells and barrier function of the skin.
The rodent EPB is formed during embryogenesis (Aszterbaum et al., 1992) upon completion of epidermal morphogenesis at 17.5 days post coitum (E17.5) with the formation of the insoluble stratum corneum (SC) (Hardman et al., 1998) . Molecules associated with the EDC (Elder and Zhao, 2002; Marenholz et al., 1996; South et al., 1999) , such as filaggrin, loricrin and SPRRs, take part in the patterned well-coordinated process of SC formation involving the synthesis and subsequent processing of SC precursors together with lipid deposition in a coordinated process evolutionary conserved amongst mammals (Byrne et al., 2003; Kalinin et al., 2002; Martin et al., 2004; Segre, 2003) . These key SC components are modified in the heterozygous Inv-Cldn6 mice in a manner similar to that observed in homozygous mice. However, the EPB of heterozygote mice is less severely compromised than that of their homozygote littermates with only half as much water loss observed through dehydration and presumably a barrier that affords at least some protection against microorganism invasion. A better understanding of the molecular basis of the EDC and Cldn regulation will provide new insights into how these molecules are coordinated in the assembly and maintenance of the EPB under various conditions. Both Cldn6 overexpression in the epidermis and ablation of Cldn1 result in EPB deficiency phenotypes and perturbed Cldn homeostasis, supporting the hypothesis that levels of particular Cldns is crucial to epidermal differentiation and barrier formation and function. The nature of the signaling pathway that may cross-talk between TJs and the processing machinery of SC precursors in differentiating epidermal cells are not yet known, but some clues are emerging that involve late differentiation markers and EDC genes. The changes in the processing of the late differentiation protein profilaggrin to filaggrin in the heterozygous InvCldn6 epidermis most likely contributes to disruption of the terminal differentiation program as well as the formation of the EPB. It appears that matriptase (List et al., 2003) and Fig. 8 . Early anagen termination in Inv-Cldn6 mice. At day 14, while wild type follicles are in mid-anagen, the Inv-Cldn6 follicles are in anagen termination (anagen-catagen transition) as characterized by the dermal papilla to hair bulb ratio (thinner hair follicles). By day 16, the transgenic hair follicles are in midcatagen while the wild type are in late anagen.
furin (Pearton et al., 2001 ) may be involved. Given that a number of Cldns have a distinct role in ion selective permeability (Schneeberger and Lynch, 2004; Van Itallie and Anderson, 2004) , it is also important to consider that in the absence of appropriate Cldn expression and distribution, the Ca 2C gradient required for the differentiation of the epidermis and hair follicles (Bikle et al., 2004) may be disrupted. A better understanding of Cldns and their role in Ca 2C gradient formation will contribute to our understanding of EPB formation and maintenance and holds potential for the therapeutic treatment of EPB defects.
Consistent with the expression of Cldn6 in the stratified squamous epithelia of the hair follicle in Inv-Cldn6 transgenic mice, the second characteristic phenotype of the heterozygotes is the deregulation of differentiation in the hair follicle including abnormal hair type distribution and cycling. As in the interfollicular epidermis, the differentiation program of the hair follicle can be traced via keratin expression and is a tightly controlled dynamic process as cells progress to terminal differentiation (hair fiber formation) through a distinct cycling process (Stenn and Paus, Immunohistochemistry of 12-day-old transgenic and wild type skin revealed Cldn1 and Cldn11 expression in the ORS/IRS of both Inv-Cldn6 and wild type samples while Cldn5 and Cldn18 were both abnormally expressed in the transgenic phenotype. Cldn5 expression is localized to the ORS while Cldn18 is evident in the ORS/IRS. 2001). Despite the obvious perturbation in the normal distribution of the four major hair types resulting in an w20% increase in wavy zig-zag fibers at the expense of straight guard hairs and the overall shorter hair fibers of the Inv-Cldn6 mice, the characteristic expression of many keratins remain unchanged. However, the expression of K15 is decreased suggesting aberrance in the basal layer of the hair follicle and the expression of hair specific keratins (AE13, AE15, mHA2 and mHA6) is reduced; there is also misexpression of Cldn5 and Cldn18 in the Inv-Cldn6 transgenic samples. Such deregulation in the balance of the hair follicle differentiation program suggests a feedback response that may ultimately affect the observed changes in the hair cycle. In mice, the first postnatal hair cycle commences with anagen at day 2 followed by a brief regression phase (catagen) that starts at day 18. During catagen the lower two-thirds of the hair follicle degenerate until the cycle enters a resting phase (telogen) at day 20 after which a new cycle is initiated at day 23 in the same follicle (Stenn and Paus, 2001 ). The Inv-Cldn6 mice, however, exhibit perturbations in this cycling process, namely an early anagen termination (at days 14 vs. 18 for the wild type) providing a basis for the shorter hair fibers observed in the Inv-Cldn6 mice.
The apparent deregulation of hair follicle differentiation and the resulting hair follicle-phenotypic traits of heterozygous Inv-Cldn6 mice suggest that Cldns play a role in hair follicle differentiation and cycling. The hair phenotype is reminiscent of others described when a number of growth factors known to be involved in the hair growth and/or regulation of the hair cycle, including EGF, FGF and TGFb family members, are overexpressed or deleted (Stenn and Paus, 2001 ). However, the phenotype is strikingly different from that observed in mice overexpressing SHH, where overexpression in skin suppresses embryonic follicle development between E14 and E19, resulting in a complete absence of guard, awl, and auchene hair fibers (Ellis et al., 2003) . Although a detailed developmental analysis of hair follicle morphogenesis must be done, our data suggest a role for Cldn6 in the hair follicle differentiation process and the hair cycle.
The epidermal and hair follicle distribution of several members of the Cldn family analyzed in this study suggest that Cldn distribution is complex and capable of responding to the barrier requirements of the epidermis in a dynamic fashion. For instance, Cldn5 and Cldn8 expression was observed in the Inv-Cldn6 epidermis and Cldn5 and Cldn18 were induced in the hair follicles where their expression was not observed in the wild type, possibly reflecting compensatory responses to Cldn6-induced barrier dysfunction. The physiological significance of EPB associated molecules and Cldn interaction is currently unknown, however, it is plausible that Cldns may be involved in the regulation of late markers of terminal differentiation and their deposition into the SC for barrier formation, thus, affecting epidermal permeability. The molecular basis of Cldn regulation and how they are orchestrated in a coordinated fashion with EDC molecules that modulate and adapt to the changes in the EPB remain to be elucidated.
The severity of the EPB dysfunction observed in homozygous Inv-Cldn6 mice that resulted in dehydrationinduced death was apparently irreparable by any Cldn compensation mechanism. Conversely, the EPB of heterozygous Inv-Cldn6 mice, although defective, functioned sufficiently to minimize TEWL to a non-lethal level, allowing barrier function to improve over the first 12 days of life. However, the changes in the expression level of various keratins and Cldns in the 12-day-old transgenic epidermis indicate that although the EPB is effective, it is not 'normal'. Our observations on changes in Cldn expression are consistent with the compensatory mechanisms based on members of the EDC family described by Segre (Segre, 2003) . For example, the upregulation of Cldn5 in Inv-Cldn6 transgenic epidermis and hair follicles where it is not normally expressed, is consistent with its reported role in adjusting the ion selective barrier of a number of systems (Matter and Balda, 2003; Nitta et al., 2003; Soma et al., 2004) .
In summary, overexpression of Cldn6 under the control of the Inv promoter alters epidermal differentiation, modifies EPB formation/function and dysregulates differentiation in the hair follicle including hair type distribution and cycling, apparently through changes in Cldn expression. This transgenic model will allow further investigation of the biochemical mechanisms underlying the interactions of Cldns and EDCs and will contribute new insights for premature babies born with incomplete barrier formation and/or abnormal skin/hair morphologies associated with a perturbed differentiation program of the epidermis. It is interesting to note that, in general, TEWL correlates with the integrity of the SC, of particular importance to extremely premature human neonates where the SC is structurally immature and functionally inadequate as a barrier. Furthermore, a structurally sound SC regulates TEWL to the environment and may be influenced through a cross-talk to signaling pathways affecting hair follicle differentiation and cycling. Therefore, the data reported here provide further in vivo evidence for the critical role of Cldn6 and Cldn homeostasis, in general, in epidermal and hair follicle differentiation including the formation of the EPB as well as hair type distribution and cycling.
Experimental procedures
Animal photography
A Nikon COOL-PIX950 digital camera (Nikon Canada, Mississauga, Canada) was used to photograph age-matched Inv-Cldn6 and wild type mice (9, 12 and 16 days as well as 6 months of age) and images were processed with Adobe Photoshop version 7.0 (Adobe Systems, Inc., San Jose, CA).
EPB integrity assays
(a) X-gal staining. Newborn wild type, homozygous and heterozygous Inv-Cldn6 pups in addition to Inv-Cldn6 heterozygotes from 2 to 12 days of age were euthanized according to OHRI animal care regulations, rinsed in PBS and submerged in 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-Gal) solution at pH4.5 [100 mM NaPO 4 , 1.3 mM MgCl 2 , 3 mM K 3 Fe(CN) 6 , 3 mM K 4 Fe(CN) 6 and 1 mg/ml X-Gal]. This assay relies on the ability of X-gal to penetrate the skin where there is a defective EPB, endogenous b-galactosidase activity cleaving X-gal and the formation of a colored precipitate. Specimens were incubated overnight at room temperature with gentle agitation as previously described (Hardman et al., 1998; Turksen and Troy, 2002) and were subsequently rinsed and immersed in fresh staining solution for a second 24-hour incubation period. After staining, specimens were fixed in formalin and photographed using a Nikon COOL-PIX950 digital camera (Nikon Canada) and images were processed with Adobe Photoshop version 7.0 (Adobe Systems, Inc.).
(b) DPM measurements. Using a dermal phase meter (DPM) (Nova Technology Corporation, Portsmouth, New Hampshire) the dorsal and/or ventral impedance of wild type and Inv-Cldn6 skin (i.e. TEWL) was measured over time as previously described . Higher hydration levels/increased water loss through the skin is achieved under conditions where the EPB is perturbed as measured digitally with EDWINA software (Nova Technology Corporation) and interpreted in graphical form using Microsoft Excel.
Immunohistochemistry and histology
(a) Sample collection and preparation. Backskin samples from the mid-dorsal region (w2 cm!1/2 cm) of shaved Inv-Cldn6 and age-matched wild type mice were collected at various time points throughout the first hair cycle from 2 to 24 days of age. Depending on the application, both frozen and paraffin sections were required. For frozen sections samples were embedded in HistoPrepe (Fisher Scientific Ltd, Ottawa, Canada), submerged in icecold isopentane and processed for frozen sections as previously described (Turksen and Aubin, 1991) . For paraffin sections, samples were fixed overnight at room temperature in Bouin's solution (75% saturated picric acid, 20% formaldehyde and 5% glacial acetic acid), dehydrated through a series of ethanol washes and processed for paraffin sectioning as previously described (Turksen et al., 1992; Turksen and Troy, 2002) .
(b) Histological observations. Paraffin sections were rehydrated and stained with Hematoxylin/Phloxine/Safranin (HPS), Ayoub Shklar (AS, a quick and reliable measure of epithelial differentiation) (Ayoub and Shklar, 1963; Troy and Turksen, 2005) or picrosirius red (to assay the collagen matrix composition) (Junqueira et al., 1979) . For AS staining, sections were stained for 3 min with 5% acid fuchsin followed by a 45 min incubation in aniline blueorange G solution (0.5% aniline blue, 2% orange G and 1% phosphotungstic acid) and rinsed in 95% ethanol. For picrosirius red staining sections were stained in 0.1% sirius red solution (in aqueous picric acid) for 90 min and cleared in 0.01 N HCl.
(c) Immunohistochemical analysis. Immunohistochemistry was performed as previously described Troy, 2002, 2003) using the following antibodies: K5 and K14 (1:100; gifts from Dr Elaine Fuchs), K15 (1:100) (Troy and Turksen, 1999) , K17 (1:500; a gift from Dr Pierre Coulombe) (McGowan and Coulombe, 1998), AE13 (anti-acidic hair keratin) and AE15 (anti-trychohyalin granule) (1:2; gifts from Dr Tung-Tien Sun) (Dhouailly et al., 1989; Lynch et al., 1986 ), Cldn1 (3:100; Zymed, San Francisco, CA), Cldn5 (1:100; Zymed), Cldn6 (1:50), Cldn8 (1:50), Cldn10 (1:25), Cldn11 (1:50), Cldn12 (1:25) and Cldn18 (1:50). Secondary antibodies against rabbit and mouse (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) conjugated to FITC and antibodies against chicken (Jackson ImmunoResearch Laboratories) conjugated to Texas Red were used at a 1:50 dilution.
(d) Photography. Images were acquired with a Zeiss Axioplan 2 imaging microscope (Carl Zeiss Canada Ltd, Toronto, Canada) equipped with both brightfield and fluorescence capabilities and a digital AxioCam camera (Carl Zeiss Canada Ltd). Axio Vision 2.05 (Carl Zeiss Canada Ltd) was used as the image acquisition software and captured images were processed with Adobe Photoshop version 7.0 (Adobe Systems, Inc.).
RNA isolation and RT-PCR
Freshly dissected backskin samples (w2 cm!1/2 cm) from the mid-dorsal region of newborn homozygous as well as shaved 12-day-old heterozygous Inv-Cldn6 and wild type mice were frozen in liquid nitrogen and homogenized in TRIzol w reagent (Life Technologies, Burlington, Canada). Total RNA was subsequently extracted according to the manufacturer's instructions. DNaseI (Life Technologies) treated RNA was used for first strand cDNA synthesis and using specific primers (Table 1) PCR was performed as previously described Troy, 2002, 2003) . Products were visualized on ethidium bromide containing agarose gels with the transgenic (TG) samples loaded consistently in the left lane and the wild type (WT) samples in the right.
Protein isolation and Western blotting
Backskin samples (w2 cm!1/2 cm) from the middorsal region of 12-day-old shaved Inv-Cldn6 and wild type mice were collected and frozen immediately in liquid nitrogen. Samples were minced in Laemmli sample buffer (in the presence of PMSF and b-mercaptoethanol) at room temperature followed by sonication (2!30 pulses on ice) and centrifugation at high speed for 10 min. SDS-PAGE gels were run according to Laemmli (1970) . Twenty micrograms of soluble proteins were separated on 15% SDS-PAGE gels (with the transgenic (TG) samples loaded consistently in the left lane and the wild type (WT) samples in the right), transferred to nitrocellulose for 45 min at 70 V as described (Towbin et al., 1979) and processed for immunoblot analysis as previously described (Troy and Turksen, 1999) . Membranes were blocked for 2 h at room temperature (10% goat serum, 0.8% BSA, 0.1% gelatin and 0.1% Tween-20 in TBS) and incubated overnight at 4 8C with antibodies against Cldn1 (1:2000; 22.9 kDa), Cldn11 (1:100; 22.1 kDa), Cldn12 (1:100; 26.9 kDa) and Cldn18 (1:500; 28.1 kDa) or for 1 h at room temperature for Cldn6 (1:100; 23.4 kDa) diluted in incubation buffer (1% goat serum, 0.8% BSA, 0.1% gelatin and 0.1% Tween-20 in TBS). Membranes were washed with TBS/0.1% Tween-20 (TBS-T) and secondary antibodies against rabbit (Amersham Biosciences, Baie d'Urfe, Canada) or chicken (Jackson ImmunoResearch Laboratories) were used at a 1:40,000-1:60,000 dilution in incubation buffer for 1 h at room temperature. ECL Western blotting detection reagents (Amersham Biosciences) were used for detection on Kodak autoradiography film (Kodak, Rochester, NY).
Hair fibre analysis
Hair fibers were plucked from the mid-dorsal region of the coat of heterozygous Inv-Cldn6 and age-matched wild type mice at different stages throughout the hair cycle and mounted on glass slides for observation with a Leica MZ FLIII dissecting microscope (Leica Microsystems, Inc., Richmond Hill, Canada) equipped with an 8! objective and a Sony DXC-390P 3CCD color video camera (Sony of Canada Ltd, Toronto, Canada). The four hair fibre types (monotrich, awl, auchene and zig-zag) were counted in multiple replicates for both the Inv-Cldn6 and wild type mice and hair type distribution relationships were graphed using Microsoft Excel. Statistical analysis was achieved with a two-way ANOVA using Bonferroni posttests to establish a significant difference in auchene fibers (P! 0.05), zig-zag fibers (P!0.001) and the distribution of zigzag to guard hairs (P!0.001). 
